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The prophylactic application of inactivated parapox ovis viruses (Baypamun; Bayer AG, Leverkusen, Ger-
many) has been shown to reduce efficiently the outbreak of stress-mediated diseases in different species.
However, little is known about the basic mechanism behind this observed stimulatory property. We therefore
tested eight inactivated poxvirus strains belonging to three different genera (Orthopoxvirus, Avipoxvirus, and
Parapoxvirus) for their capacity to activate cells of the porcine innate and specific immune systems in vitro. The
results indicated that poxviruses failed to induce increased phagocytosis, oxidative burst, or natural killer cell
activity in swine. In contrast, enhanced release of interleukin-2, alpha interferon, and gamma interferon, as
well as strong proliferation, could be measured. Flow cytometric analyses and cell sorting experiments
identified T-helper cells as the main target responding to inactivated poxviruses: the activated cells had a
CD4"=" CD25" major histocompatibility complex type II-positive phenotype and were the major source of
secreted cytokines. Together, the results demonstrated that all tested poxviruses possessed immunostimulating
capacity. These in vitro poxvirus-induced effects may be responsible at least in part for the in vivo immuno-

stimulating capacity of inactivated poxviruses.

The Poxviridae are the largest of the known human and
animal viruses (23). Due to their complex genetic structure (2)
and thereby their strong immunogenic properties, poxviruses
developed strategies of immune evasion that are distinct from
those of smaller viruses. Instead of latency, slow replication, or
high mutation rates (38), poxviruses utilize a variety of genes
encoding proteins that counteract host immune responses.
These viral proteins include soluble host growth factor homo-
logues (35) as well as soluble receptors for tumor necrosis
factor alpha (TNF-a) (36), interleukin-13 (IL-1B) (1), gamma
interferon (IFN-v) (37), alpha/beta interferon (IFN-o/B) (34),
and various chemokines (11). If the viruses fail to secrete these
proteins, as when the respective genes are deleted or the vi-
ruses are inactivated, the strong immunogenicity of the viruses
may induce host immune reactions which are no longer inhib-
ited (15, 25). There is a growing evidence that such immune
reactions may result in more than elimination of the viruses. A
more general stimulating effect on the immune system may
ensue.

In 1978, it was first noted that inactivated poxviruses may
possess immunostimulating capacity. Prophylactic application
of parapox ovis viruses (PPOV) or fowl poxviruses (FPV) that
had been inactivated (iPPOV and iFPV, respectively) clearly
diminished the rate of mortality of Pseudomonas aeruginosa-
infected mice (21). Subsequently, various in vitro experiments,
mainly focusing on early effects (before day 2), indicated that
iFPV, iPPOV, and modified vaccinia virus Ancara (MVA) that
had been inactivated (iMVA) could induce enhanced phago-
cytosis, natural killer (NK) cell activity, and release of IFN-a
(5, 10, 18). Moreover, the secretion of TNF-a, IL-2, and gran-
ulocyte-macrophage colony-stimulating factor could also be
enhanced by iFPV and iPPOV (17, 19, 32). In addition, several
in vivo studies demonstrated that a prophylactic or metaphy-
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lactic application of iPPOV (strain D1701; Baypamun; Bayer
AG, Leverkusen, Germany) efficiently reduced susceptibility to
infectious diseases in different species (6, 16, 33, 39).

The three viruses—MVA, PPOV, and FPV—that have been
predominantly analyzed for their immunostimulating capacity
so far are (in part) highly attenuated compared to the respec-
tive wild-type viruses (20, 22). For example, MVA has lost
about 15% of its original genetic information, including genes
that encode host growth factor homologues and soluble recep-
tors for chemokines, TNF-a, IFN-y, and IFN-o/8 (2). Al-
though iMVA, iPPOV, and iFPV belong to different genera
(Orthopoxvirus, Avipoxvirus, and Parapoxvirus), being charac-
terized by different morphological, chemical, and genetical
properties (23), immunostimulating capacity has been found
for all three. This finding suggests that the capacity to stimulate
the immune system is a general feature of poxviruses.

The aim of the present study was to characterize further
the poxvirus-induced immunostimulating effects. As a suitable
model, pigs offer several advantages in comparison to other
species. Different in vivo studies have indicated that iPPOV
can stimulate the porcine immune system. This virus may also
be helpful in the prevention of economically important stress-
mediated diseases, such as mastitis metritis agalactia syndrome
(13), postweaning diarrhoea syndrome (16), or wasting pig
syndrome (16). In addition, in vitro studies have revealed that
porcine peripheral blood mononuclear cells (PBMC) respond
to iFPV, iMVA, and iPPOV stimulation with increased IFN-a
and IL-2 release (5, 32). Our intention was to examine further
inducible effects within the innate and specific immune sys-
tems. As markers for early immunological reactions, phagocy-
tosis, oxidative burst, and NK cell activity were chosen. Mark-
ers for late observable reactions were the quantification of
proliferation and of IL-2, IFN-«, and IFN-y. The investiga-
tions began with characterization of the immunostimulating
property of iPPOV, because this virus is the best characterized
in terms of in vivo and in vitro immunostimulating capacities
(13, 16, 32, 33). These studies were then extended to other
poxviruses to determine whether the stimulating capacity is a
common feature of poxviruses, even those belonging to differ-
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ent genera. Together, these experiments should help to eluci-
date the basic mechanisms responsible for the immunostimu-
lating capacity of inactivated poxviruses.

MATERIALS AND METHODS

Animals. A total of 50 conventionally reared, healthy, 3- to 6-month-old
German Landrace swine of both sexes, housed at the Federal Research Centre
for Virus Diseases of Animals, were used for the experiments. With the excep-
tion of a prophylactic deworming (Citarin; Bayer AG), animals were not medi-
cally treated. They had no contact with any poxviruses and were thus regarded as
non-poxvirus-primed animals. PBMC were isolated from heparinized blood (0.1
mg/ml) taken by anterior vena cava puncture. PBMC from all 50 animals were
tested for reactivity to iPPOV in proliferation assays; PBMC from 10 animals
were used for other experiments.

Cells. PBMC were isolated by Ficoll-Hypaque density gradient centrifugation
and cultured in RPMI 1640 medium supplemented with 10% (vol/vol) fetal calf
serum, 2 mM L-glutamine, 100 IU of penicillin per ml, 0.1 mg of streptomycin
sulfate per ml, and 0.05 mM mercaptoethanol. The medium for the murine
IL-2-dependent cell line HT-2 (American Type Culture Collection [ATCC],
Manassas, Va.) was additionally supplemented with 10 TU of recombinant hu-
man IL-2 (rhIL-2; Roche, Basel, Switzerland) per ml. The bovine kidney cell
lines MDBK (ATCC) and BKK (Bayer AG), as well as the monkey kidney cell
line Vero (ATCC), were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 5% (vol/vol) fetal calf serum, 100 IU of penicillin per ml, and 0.1
mg of streptomycin sulfate per ml.

Viruses. The immunomodulator Baypamun served as the source of iPPOV.
Baypamun was produced by growing PPOV strain D1701 in bovine kidney cells
and titrating the virus on the same cell line. After the removal of cell debris, the
virus harvest was inactivated with binary ethyleneimine and concentrated by
ultrafiltration. The concentrated bulk material was reconstituted in medium and
adjusted to the nominal product titer of 10%7° tissue culture infective doses
(TCIDs,)/ml. Thus, approximately 99% of the cell culture supernatant could be
substituted. For stabilization of the virus preparation, 25 mg of Polygeline per ml
was added before lyophilization. Cell culture supernatant from mock-infected
bovine kidney cells, treated in the same manner as the virus preparation, served
as negative control material. Both the Baypamun material and the control ma-
terial were kindly provided by Bayer AG.

FPV strain HP-1 (Pind Avi) and MVA preparations were generous gifts from
A. Mayr (Veterinary Faculty, University of Munich, Munich, Germany). Both
virus preparations were produced and inactivated as previously described (19).
Briefly, FPV-infected chicken embryo fibroblasts and MVA-infected Vero cells
were harvested when the cytopathic effect was 100% (3 to 5 days postinfection).
The viruses were liberated from the cells by freezing-thawing and sonication,
followed by low-speed centrifugation to remove cellular debris. After determi-
nation of the virus titers (FPV, 10%° TCIDs,/ml; MVA, 107> TCIDsy/ml), the
preparations were inactivated with B-propriolactone (Boehringer Ingelheim, In-
gelheim, Germany), stabilized with gelatin (2.5% [wt/vol]), and lyophilized in
1-ml aliquots. Mock-infected chicken embryo fibroblasts and Vero cells treated
in the same manner as the virus preparations served as negative controls. Before
use, virus stocks and controls were dialyzed for 48 h to eliminate any possible
toxic effects due to residual B-propriolactone.

Vaccinia virus Lister, originally obtained from the ATCC, was grown and
titrated on BKK cells as described above. Vaccinia viruses Kopenhagen and Tian
Tan, parapox bovis virus I, and wild-type PPOV were provided by M. Biittner
(Federal Research Centre for Virus Diseases of Animals) and propagated and
titrated on Vero cells as described above. Before heat inactivation (56°C, 30
min), the titers of these virus stocks ranged between 107 and 10® TCIDs/ml.
Preparations of mock-infected cells treated in a manner similar to that used for
the respective poxviruses served as controls.

Inactivation of all virus preparations was verified by assessment of the TCID5,
after 7 days of culturing. Whereas binary ethyleneimine- and B-propriolactone-
inactivated viruses showed no residual infectivity (TCIDs,, <10'/ml), heat-inac-
tivated virus preparations retained residual infectivity ranging between 10" and
10° TCIDs,/ml. Heat-inactivated classical swine fever virus (CSFV) and B-pro-
priolactone-inactivated pseudorabies virus (PRV) and foot-and-mouth-disease
virus (FMDV) served as controls; these were produced in our own laboratory.

MAbs and antisera. Murine monoclonal antibodies (MAbs) against porcine
CD4 (MADb 74-12-4; immunoglobulin G2b [IgG2b] [26]) and major histocom-
patibility complex (MHC) class II (MHCII) (SLA-DR; MAb MSA3; IgG2b [12])
were received from J. K. Lunney (Agricultural Research Service, U.S. Depart-
ment of Agriculture, Beltsville, Md.). A murine MAb against CD25 (MAb
K231-3B2; IgG1 [4]), recognizing an epitope of the IL-2 receptor-a-chain ex-
pressed only on activated lymphocytes, was provided by C. R. Stokes (Depart-
ment of Veterinary Medicine, University of Bristol, Bristol, United Kingdom).
Murine MAb G47 and rabbit antiserum no. 652, specific for porcine IFN-y, and
a murine MAb against porcine IFN-a were generous gifts from B. Charley and
C. LaBonnadiere (Institut National de la Recherche Agronomique, Jouy-en-
Josas, France).

Lymphocyte proliferation assays. Poxvirus-induced stimulation of PBMC was
achieved by incubation of 2 X 10° PBMC/well with inactivated poxviruses in a
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final volume of 200 pl. The number of added inactivated virus particles depended
on the optimal stimulating capacity of each poxvirus lot and ranged between 2 X
10° TCIDs, (measured before inactivation) for iFPV and 5 X 10* TCIDs, for
iPPOV. After 7 days of culturing, cells were pulsed with 1 wCi of *H-thymidine
(ICN Biomedicals GmbH, Eschwege, Germany) per microculture for 18 h; cells
were then harvested onto glass fiber filters, which were analyzed in a scintillation
counter as described previously (30). Results were expressed as mean counts per
minute of triplicate cultures or as a stimulation index (SI), calculated as follows:
SI = mean of inactivated-poxvirus-specific proliferation/mean of spontaneous
proliferation. An SI of >2 was considered positive.

Cytolytic assays. For the quantification of spontaneous cytolytic activity,
PBMC (10°/well) were treated with inactivated poxviruses, mock-infected cell
culture supernatant, or 25 IU of rhIL-2 and then cultured with >!Cr-labeled K562
cells (10%/well) for 18 h. The percent specific cytolytic activity was calculated as
described previously (28).

Measurement of phagocytosis and the oxidative burst. For the investigation of
poxvirus-induced phagocytosis or oxidative burst, 100 pl of heparinized blood
was incubated with 100 1 of poxvirus suspension (TCIDs, 0.5 X 10° to 2 X 10,
depending on the virus strain) for 30 min at 37°C. Phagocytosis and the oxidative
burst were measured with commercial available test kits (Phagoburst and
Phagotest; Orpegen Pharma, Heidelberg, Germany) according to the manufac-
turer’s instructions.

Measurement of cytokine secretion. The content of IL-2, IFN-a, and IFN-y in
either supernatants of poxvirus-stimulated PBMC (2 X 10°/well) or CD4-de-
fined, separated cell fractions collected at various times was measured.

IL-2 production was assayed by the capacity of supernatants to support the
proliferation of the IL-2-dependent cell line HT-2.

IFN-a secretion as determined by an indirect plaque reduction bioassay as
described previously (27). Briefly, the antiviral activity of IFN-a was quantified
by the reduction of vesicular stomatitis virus-induced cytopathic effect on MDBK
cells after preincubation of the cell line with a serial dilution of supernatants
from poxvirus-stimulated PBMC. The assay was calibrated with an internal
laboratory standard of recombinant porcine IFN-a (generous gift of C. LaBon-
nadiere, Institut National de la Recherche Agronomique) that was equivalent to
50 TU of recombinant human IFN-a. Specificity was conferred by blocking with
an MADb against porcine IFN-a.

IFN-vy production was quantified by an enzyme-linked immunosorbent assay
(ELISA) using an MADb and an antiserum specific for porcine IFN-y. Cytokine
concentrations were calculated using the linear portion of the curve obtained
with recombinant standards run on each ELISA plate and were expressed in
nanograms per milliliter.

Multicolor flow cytometric analysis. For determination of the poxvirus-stim-
ulated cell fraction, PBMC (4 X 10°) were cultured with inactivated poxviruses
(10° TCIDs,) for 9 days in six-well plates. After quantification of the total cell
number by trypan blue exclusion, cells were stained with an MAb against CD4
(IgG2b) in combination with an anti-CD25 (IgG1) or an anti-MHCII (IgG2a)
antibody, followed by labeling with isotype-specific antisera (fluorescein isothio-
cyanate [FITC]-conjugated anti-IgG2b, phycoerythrin [PE]-conjugated anti-IgG1, or
PE-conjugated anti-IgG2a; Southern Biotechnology Associates, Birmingham,
Ala.). All measurements were obtained with a dual-LASER FACStar plus (Bec-
ton Dickinson, Mountain View, Calif.) as described previously (29). Relative cell
numbers of the single-cell fractions were converted into absolute cell numbers by
use of the total cell number.

The list mode data were processed using PC-lysis and Corel draw software.

Cell sorting. For determination of the major cytokine-secreting cell fraction in
response to iPPOV, PBMC were separated into CD4-defined lymphocyte frac-
tions as described previously (30). In brief, PBMC were stained in four 20-min
incubation steps with an MAb against CD4, biotinylated goat anti-mouse immu-
noglobulin (Jackson Laboratories), FITC-conjugated streptavidin (Jackson Lab-
oratories), and biotinylated magnetic beads (Miltenyi Biotec, Bergisch Gladbach,
Germany) on ice. They were then passed over magnetic cell separation columns
to retain the bead-coated CD4 ™ cells. The bound cells were eluted by removing
the magnet. The purity of the CD4" and CD4" cell fractions was verified by
fluorescence-activated cell sorting (FACS) analysis (CD4™", 90%; CD4 ™, 99.8%).

RESULTS

Influence of iPPOV on cells assigned to the innate immune
system. Previous studies suggested that poxvirus-mediated
activation of innate immune reactions is responsible for the
observed immunostimulating capacity (18, 19). Consequently,
our investigations of poxvirus-induced immunostimulating ef-
fects began by analyzing the influence of iPPOV on the cyto-
Iytic activity of NK cells and phagocytosis by monocytes and
granulocytes.

The cytolytic activity of NK cells was determined by an 18-h
3!Cr release assay using *'Cr-labeled K562 cells as target cells.
Table 1 shows the reactivity of 1 out of 10 tested animals and
the influence of iPPOV on NK cell cytolytic activity at an
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TABLE 1. Influence of iPPOV on reactions of
the innate immune system

Influence of iPPOV on:

Stimulus E. coli-induced

NK cell. activi'gy Phagocytosis oxidative burst
(% specific lysis) (% phagocytes) (% oxidized cells)
Spontaneous 39 21.8 35.7
Mock-infected control 39 22.1 36.4
Positive control” 72 35.4 44.6
iPPOV particles
5% 10* 40 18.9 31.1
1x10* 38 21.3 339
5% 10° 41 20.2 35.8
1x10° 40 19.9 34.3
2 % 10? 39 21.6 34.6

“ Positive controls were rhIL-2 for NK cell activity, pooled swine serum for
phagocytosis, and PMA for the oxidative burst.

effector-to-target ratio of 100:1. Compared to spontaneous ly-
sis, no increased lysis of K562 cells could be seen in any of the
cultures that were supplemented with different numbers of
iPPOV particles for the duration of the assay. Similarly, no
response could be found for any animal when cells were cul-
tured with an inactivated cell culture supernatant derived from
mock-infected BKK cells. In contrast, the addition of rhIL-2
enhanced spontaneous cytolytic activity to 72% (Table 1, pos-
itive control). From nine more animals, the spontaneous lysis
of iPPOV-stimulated PBMC was comparable to control spon-
taneous lysis, ranging from 25 to 62%. Together, these results
provide evidence that iPPOV has no capacity to enhance por-
cine NK cell cytolytic activity.

In order to study the influence of iPPOV on the phagocy-
tosis of neutrophils and monocytes, heparinized porcine blood
was incubated for 30 min with iPPOV, mock-infected cell cul-
ture supernatant, phosphate-buffered saline, or pooled swine
serum. Thereafter, the uptake of FITC-labeled Escherichia coli
was quantified by flow cytometry. A typical example of the
results obtained is presented in Table 1 for one animal. From
these data it can be seen that independent of the number of
added particles, iPPOV failed to enhance the rate of phago-
cytosis over that obtained with phosphate-buffered saline or
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mock-infected cell culture supernatant. Only in the presence of
pooled swine serum, serving as a positive control, was the
uptake of bacteria increased by 14%. The data presented could
be reproduced with nine more animals (spontaneous phagocy-
tosis, 8 to 24%). This result indicated that iPPOV possessed no
capacity to modulate the phagocytic uptake of E. coli by mono-
cytes or granulocytes.

This finding was further confirmed by analysis of the oxida-
tive burst, which follows the phagocytic uptake of antigen (24).
The studies were performed in a manner similar to that used
for the phagocytosis assays, with the exceptions that the oxi-
dation of the fluorogenic substrate dihydrorhodamine by reac-
tive O, metabolites was analyzed and phorbol myristate ace-
tate (PMA) served as a positive control. For the experiments,
heparinized blood was supplemented with iPPOV or the re-
spective controls for 30 min before opsonized E. coli bacteria
were added for another 10 min to induce the oxidative burst.
The results obtained with blood cells from 1 out of 10 tested
animals are presented in Table 1 as a typical example. These
data show that opsonized E. coli bacteria can trigger an oxida-
tive burst in a certain percentage of the cells, increasing from
less than 10% to approximately 40%. The addition of different
numbers of iPPOV particle led to a slight decrease, whereas
preincubation of the samples with PMA increased the induc-
tion of reactive O, metabolites by an additional 8%. The fact
that iPPOV did not show any costimulatory influence on an
E. coli-induced oxidative burst supports the finding that iPPOV
has no apparent stimulating influence on porcine leukocyte
phagocytosis.

Taken together, these functional analyses indicate that
iPPOV possesses the capacity neither to modify porcine NK
cell cytolytic activity nor to increase the phagocytic uptake or
release of reactive O, metabolites by porcine neutrophils and
monocytes. An iPPOV-induced modulation of innate immune
reactions being responsible for the observed immunostimulat-
ing property therefore seems to be unlikely.

iPPOV-induced proliferation of porcine PBMC. With regard
to the fact that iPPOV apparently had no immunostimulating
influence on innate immune reactions in swine, it was surpris-
ing to find morphological changes in resting non-poxvirus-
primed PBMC upon cultivation with iPPOV. As early as 1 day

FIG. 1. iPPOV-induced cell aggregation by porcine PBMC. PBMC (4 X 10°) were cultured for 9 days with iPPOV (10° TCIDs,) (B) or inactivated cell culture
supernatant of mock-infected BKK cells (diluted 1:2) (A). Cells were cultured in a final volume of 3 ml of cell culture medium in six-well plates. Magnification, ~x46.
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after the beginning of stimulation, the formation of small clus-
ters involving approximately 25% of the PBMC was observed.
This characteristic property of activated cells could not be
detected in cultures incubated without iPPOV. By day 9, the
proportion of clustering cells had increased, as had both the
number of cells in the clusters and the number of clusters (Fig.
1B). In contrast, only minimal aggregation could be detected
for the adherent cells of the control cultures (Fig. 1A).

This microscopic finding was evidence for an activation of
PBMC. Consequently, the proliferation of PBMC was ana-
lyzed. With resting porcine PBMC, an increase in proliferation
of up to 10-fold was detected in the presence of iPPOV, com-
pared to spontaneous proliferation or proliferation after the
addition of a cell culture supernatant from mock-infected BKK
cells. As illustrated in Fig. 2A, this response was dependent on
the number of added virus particles, the highest *H-thymidine
incorporation being obtained at a ratio of 0.1 iPPOV particle
per lymphocyte. In further assays, the time course of prolifer-
ation was analyzed, as was the heterogeneity of the response
within a larger animal population. The proliferative response
of PBMC usually started 2 to 3 days after iPPOV stimulation,
reaching its maximum as late as 7 to 8 days (Fig. 2B). PBMC
from 50 tested animals all showed increased reactivity in re-
sponse to cultivation with iPPOV. However, by analysis of SIs,
which ranged between 2 and 28, with an average of approxi-
mately 5 (Fig. 2C), a rather heterogeneous response to iPPOV
became apparent. This result indicated that not all animals
responded equally to iPPOV stimulation.

Identification of iPPOV-responding porcine PBMC. The
phenotype of the activated lymphoblasts was identified by flow
cytometric analyses. For this purpose, PBMC were cultured for
9 days in the presence of iPPOV or inactivated cell culture
supernatant from mock-infected cells. After determination of
the absolute cell numbers in the respective cultures, cells were
stained with an MADb against CD4 in combination with an MAb
against CD25 or MHCII (MAD directed against SLA-DR). In
agreement with the microscopic findings, the dot plots in Fig.
3A and B) illustrated that iPPOV-stimulated PBMC contained
a significantly higher proportion of activated cells. These were
characterized by increased size (high forward scatter) and
granularity (high side scatter) (Fig. 3B) (35%) compared with
the results for the control (Fig. 3A) (14%). The majority of
these iPPOV-activated cells (Fig. 3B) (35%) were T-helper
cells with a high CD4 surface antigen density, expressing the
activation marker CD25 and surface MHCII molecules (Fig.
3E and H). Resting PBMC cultured in the presence of iPPOV
(Fig. 3B) (65%) contained only a minor proportion of CD4'%
T-helper cells and were characterized by almost no expression
of CD25 and MHCII molecules (data not shown). In view of
this antigen expression pattern, resting iPPOV-cultured PBMC
strongly resembled cells from the control (Fig. 3C and F).

A comparison was made of the relative cell numbers in all
iPPOV-stimulated PBMC and all mock-cultured PBMC. This
result showed that iPPOV-stimulated cells had an approxi-
mately threefold increase in CD25" T-helper cells (24 versus
9%) and a fourfold increase in MHCII-positive T-helper cells
(36 versus 9%) compared with the T-helper cells from the
control. The increased proportion of activated T-helper cells
was due both to the death of other cells in the culture over time
and to a threefold absolute increase in the CD4™ cell numbers
compared to those in the control (control, 8.89 X 10%*/ml of
T-helper cells; iPPOV, 21.26 X 10*/ml of T-helper cells). These
experiments were repeated with PBMC from nine more ani-
mals, all showing a two- to fourfold absolute increase in T-
helper-cell numbers upon iPPOV stimulation compared to the
results obtained with cultivation with mock-infected cell cul-
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FIG. 2. iPPOV-dependent proliferation of porcine PBMC. PBMC (2 X 10°
cells/well) were cultured with iPPOV (closed circles), inactivated cell culture
supernatant from mock-infected BKK cells (open squares), or medium (broken
line). The proliferative response of the microcultures was quantified by *H-
thymidine incorporation. The standard deviation of triplicate cultures in single
experiments is indicated by error bars. (A) Dose-response curve after 7 days of
cultivation. (B) Time course of iPPOV stimulation (5 X 10* TCIDs). (C) SI of
iPPOV-stimulated PBMC (5 X 10* TCIDs,) derived from 50 animals.

ture supernatant (data not shown). Together, these experi-
ments demonstrate that mainly T-helper cells responded to
stimulation with iPPOV.

Functional characterization of the iPPOV-responding cell
fraction. Functional analysis of the effector cells generated
upon activation of PBMC with iPPOV should contribute to the
elucidation of the basic mechanism responsible for the stimu-
lation of the immune system. In this context, analyses focused
particularly on the secretion of the cytokines IL-2, IFN-y, and
IFN-a, because they play an important role in the response
against infectious agents. As shown in Fig. 4, it was possible to
detect increased concentrations of all tested cytokines in cell
culture supernatants from iPPOV-stimulated PBMC. Inacti-
vated control supernatants from mock-infected cells had no
effect. When the time course of the induced reactions was
monitored, increased secretion of IFN-a measured after the
first day of stimulation was the earliest detectable event (Fig.
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FIG. 3. Phenotypic identification of the iPPOV-responding cell fraction. PBMC were cultured in the presence of iPPOV or cell culture supernatant from
mock-infected BKK cells for 9 days as described in the legend to Fig. 2. (A and B) In the dot plots of forward scatter (FSC) versus side scatter (SSC) (A and B), the
size and granularity of both cell cultures are shown. The selective analysis of nonactivated PBMC and PBMC activated with iPPOV (B) was achieved by setting
electronic windows on cells with low FSC and SSC (65%) or high FSC and SSC (35%). (C to H) Contour plots of expression of CD4 versus CD25 (C to E) and CD4
versus MHCII (F to H) for all mock-cultured cells (C and F), all iPPOV-cultured cells (D and G), and the iPPOV-activated cell population (E and H). Numbers in

the corners of the contour plots indicate percentages of cells.

4A). Thereafter, maximal IL-2 release at day 3 and maximal
IFN-a and IFN-y release at day 5 were detected. In combina-
tion with the observed maximal proliferation at day 7 (Fig. 2B),
the results were indicative of the classical pathway of T-helper-
cell activation and differentiation. The analyses of cytokine
production could be reproduced with PBMC from nine more
animals, with similar heterogeneous reactivities, as already de-
scribed for proliferation. Compared to the data for the control
supernatants, a 2- to 10-fold increase in the levels of all cyto-
kines was detected (data not shown).

By iPPOV stimulation of immunomagnetically sorted CD4 ™"
and CD4 ™ cells, it was possible to show that CD4™" cells, as the
main iPPOV-responding cell fraction, were also the major
source for the secreted cytokines. In these experiments, the
amount of IL-2 secreted by the iPPOV-stimulated CD4™" cell
fraction was twice that of the CD4 ™ cell fraction (58 X 10° cpm
versus 28 X 10° cpm). The amount of IFN-y secreted by the
CD4™" T cells was increased nearly threefold (196 versus 75
ng/ml), and that of IFN-a was increased up to fourfold (320
versus 80 experimental units [EU] of IFN-o/ml). In summary,
these data indicated that the stimulating capacity of iPPOV is
effected primarily through the activation of T-helper cells,
which in turn secrete important immunomodulatory cytokines.

Investigation of the stimulating capacities of inactivated
poxviruses other than iPPOV. The experiments described so
far were performed with iPPOV. However, the finding that
iFPV and iMVA may also have immunostimulating effects (5,
10) suggested that the capacity to stimulate the porcine im-
mune system represents a property common to all poxviruses.
We therefore analyzed the reactivity of porcine PBMC to
seven more poxvirus strains belonging to the genera Orthopox-
virus, Avipoxvirus, and Parapoxvirus. In order to exclude inhib-
itory effects caused by the secretion of viral immunomodulat-
ing proteins, such as soluble receptors for IFN-o/B, IFN-y, and
TNF-«, the experiments were performed only with heat- or
B-propriolactone-inactivated viruses. As shown in Fig. 5, all
tested poxviruses were capable of enhancing the proliferative
response of PBMC compared to spontaneous proliferation,
whereas inactivated cell culture supernatants from mock-in-
fected cells or other tested viruses (PRV, FMDV, CSFV) had
no effect. The optimal SI of the poxviruses, as determined with
PBMC from the same animal, ranged between 2.5 and 5. This
result indicated that only minor differences existed in the stim-
ulating capacities of the different poxviruses.

Clearly, the proliferative response of PBMC upon iPPOV
stimulation was caused mainly by the activation of T-helper
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FIG. 4. Kinetics of iPPOV-induced cytokine release. Cytokine release time
courses for PBMC cultured in the presence of iPPOV (5 X 10* TCIDs) (closed
circles), inactivated cell culture supernatant from mock-infected BKK cells (di-
luted 1:2) (open squares), or medium (broken line). Results are shown for one
representative animal. The standard deviation of triplicate cultures in single
experiments was less than 10%. At different times, supernatants were collected.
The IFN-«a antiviral activity in the supernatants was calculated by determination
of dilutions causing a 50% reduction of the vesicular stomatitis virus-induced
cytopathic effect in MDBK cells. The IL-2 concentration was measured by a
bioassay using the IL-2-dependent cell line HT-2. The IFN-y concentration was
quantified by an ELISA.

cells. It appeared that the proliferative response of PBMC
against other poxviruses might also be based primarily on the
stimulation of T-helper cells. In order to directly prove this
hypothesis, we repeated the iPPOV experiments with one
member of each tested poxvirus genus. Like the data obtained
with iPPOV, the experiments shown in Fig. 6 indicate that
iFPV and iMVA failed to influence NK cell activity and phago-
cytosis, whereas both viruses were capable of increasing IFN-a,
IL-2, and IFN-y secretion and cell proliferation. All experi-
ments were performed with PBMC from 10 animals, and the
mean SI (or the mean concentration, if no effect was detectable
within the medium controls) was calculated for each poxvirus.
The approximately fourfold-increased reaction in response to
each poxvirus (Fig. 6) supports the finding that different virus
genera showed no significant differences in their capacities
to induce immunostimulatory effects. Further flow cytomet-
ric analyses identified T-helper cells as the main reacting cell
fraction in response to iMVA and iFPV (data not shown). It
may thus be concluded that the capacity to stimulate the im-
mune system is not specific for the Parapoxvirus genus but may
also be observed in virus strains of other poxvirus genera. The
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basic mechanism responsible for the immunostimulatory ef-
fects seems to be the same for all poxviruses.

DISCUSSION

As shown in several in vivo studies, the prophylactic appli-
cation of iPPOV can strengthen host immune defense, result-
ing in reduced susceptibility to invading pathogens (6, 16,
33, 39). In agreement with earlier in vitro studies (5, 18), we
showed that this immunostimulating capacity is not iPPOV
specific but is common to poxviruses of different genera. Con-
sidering that poxviruses are widely used as vectors in vaccine
development, it seems surprising that only a few studies exist
on this immunostimulating property. One reason might be the
synthesis of viral immunomodulating proteins, such as soluble
receptors for IFN-«/B, IFN-y, and TNF-q, at early times dur-
ing poxvirus (vector) infections (25). These secreted proteins
may in turn impair the immunological response against the
poxvirus vectors. This hypothesis is supported by the reported
finding that inactivated but not infectious vaccinia viruses may
induce IFN-a production in bovine or porcine PBMC (6). In
contrast, the addition of MVA, which lacks the respective
immunomodulatory genes and is not permissive for porcine
and bovine PBMC, induces the secretion of high levels of
IFN-a (6). Thus, the detection of immunostimulating proper-
ties might be expected only if poxviruses are inactivated or
their genome is deficient in the respective immunomodulating
genes.

On the basis of investigations of the basic mechanism for the
immunostimulating capacity of poxviruses, it was suggested
that poxvirus-mediated activation of innate immune reactions
was responsible for the observed immunostimulating capacity
(18, 19). This assumption was supported by earlier studies
revealing increased phagocytosis and oxidative burst in rats
and humans and increased NK cell activity in mice under the
influence of iFPV, iMVA, and iPPOV (10, 19). When we
analyzed the reaction of porcine PBMC to inactivated poxvi-
ruses from different genera, no such early detectable reactions

Isit:geJ }— Orthopox ———H Avipox | }— Parapox—‘

FIG. 5. Proliferative response of porcine PBMC upon stimulation with dif-
ferent inactivated poxvirus strains. PBMC (2 X 10° cells/well) were cultured with
different poxvirus strains (orthopoxviruses and parapoxviruses, 0.5 X 10° to 1 X
10° TCIDsy; avipoxvirus, 2 X 10° TCIDs,), other viruses (PRV, 10° TCIDs;
similar results were obtained with FMDV and CSFV), the respective controls, or
medium alone. After 7 days, proliferation was determined by measurement of
3H-thymidine incorporation. The data presented show the SI of poxvirus-stim-
ulated (black bars) or mock-cultured (white bars) PBMC in comparison with
spontaneous proliferation (broken line). The standard deviation of triplicate
cultures in single experiments is indicated by error bars.
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FIG. 6. Comparison of the immunostimulating capacities of different inactivated poxviruses. The influence of iFPV (2 X 10° TCIDs), iMVA (1 X 10° TCIDs)
iPPOV (5 X 10* TCIDs,), and FMDV (other virus; 1 X 10° TCIDs,) on NK cell activity and phagocytosis was determined as described in the text. The concentrations
of IFN-a, IL-2, and IFN-y in cell culture supernatants and the proliferation of PBMC (2 X 10°/well) were quantified as described in the legend to Fig. 4. The data
presented show the mean SI relative to the control (or the mean concentrations if no effect was detectable within the medium control) and the means *+ standard
deviations for PBMC from 10 tested animals. Different inactivated poxviruses are indicated as black bars; controls are indicated as white bars.

could be found. We believe that the different results seen
within the innate immune system may be due to the different
species involved or to different experimental approaches. Un-
like investigators in former studies (10), we did not isolate
phagocytes for the phagocytosis assays, so that any preactiva-
tion of these cells during the course of the isolation process (as
described in the literature) could be ruled out (8, 9). The
poxvirus-induced secretion of inflammatory cytokines, such as
TNF-«a and granulocyte-macrophage colony-stimulating factor,
which can function as costimulatory signals for preactivated
(isolated) phagocytes, was minimized by reduction of the ex-
perimental incubation time from up to 4 h (10) to 30 min.
Similarly, incubation times in the NK cell assays were kept as
short as possible to avoid indirect stimulation of NK cells, e.g.,
by cytokine secretion. Taken together, our experiments gave
no evidence for direct poxvirus-induced stimulation of innate
immune reactions in swine.

While former studies have focused only on early detectable
poxvirus-induced effects (until day 2) (5, 10, 18), the experi-
ments presented here included investigations of late observ-
able effects (until day 9). This difference might explain the
finding that mainly T-helper cells responded to stimulation by
inactivated poxviruses. The question arises as to how specific T
cells might be stimulated by poxviruses in an in vitro culture
system. A secondary (memory) response seems unlikely, be-

cause our studies were performed exclusively with PBMC from
non-poxvirus-treated (unprimed) animals. However, it may be
considered that memory T-helper cells previously primed to
unrelated but poxvirus-cross-reactive antigens responded to
activation with the poxviruses. A primary poxvirus-specific im-
mune response also appears to be unusual. Nevertheless, it
might be possible that the extensive immunogenic properties
of poxviruses could have increased the frequency of reacting T
cells, resulting in a measurable primary response, even in an in
vitro system. In any case, further experiments are needed to
answer this question.

In this study, T-helper cells were identified not only as the
main activated and proliferating cell fraction but also as the
major source of the increased levels of IL-2, [IFN-a, and IFN-y
All three secreted cytokines have important antiviral and im-
munomodulatory functions (3, 31). In consequence, their us-
age as therapeutic agents in cancer research and in the treat-
ment of viral infectious diseases or autoimmune diseases is
becoming more attractive (7, 14, 31). It is thus understandable
that increased poxvirus-induced secretion of these cytokines
also might prove therapeutically beneficial. It might even be
considered a basic mechanism for the finding that animals
pretreated with poxviruses had reduced susceptibility or milder
symptoms and more rapid recovery from infectious diseases
than the respective, untreated control animals (33, 39). Poxvi-
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rus-preactivated T-helper cells might promote the enhanced
secretion of cytokines during the development of a specific
host defense against an unrelated antigen. Additionally, the
possibility cannot be ruled out that other important immuno-
modulatory cytokines might be secreted by lymphocytes during
stimulation with inactivated poxviruses. Genes encoding solu-
ble, viral receptors for TNF-«, IL-1B, or different chemokines
(25) indicate the importance of these cytokines, at least within
poxvirus infections.

The late onset of poxvirus-induced cytokine release follows
the pattern of typical T-helper-cell activation and differentia-
tion. With regard to IFN-y secretion, it provides further evi-
dence for a cell-mediated immune reaction, at least in part, in
response to stimulation with inactivated poxviruses. At the
same time, it explains why only a prophylactic or metaphylactic
application of inactivated poxviruses provides efficiently re-
duced susceptibility to infectious diseases, whereas a therapeu-
tic application has almost no effect (16). It is likely that a
minimum of 5 days is required to create an effective barrier
against invading pathogens by poxvirus-mediated T-helper-cell
activation and cytokine secretion. Consequently, it is under-
standable that a therapeutic application of inactivated poxvi-
ruses would take place later than the development of a specific
immune response against an unrelated antigen.

In summary, the results presented here indicate that iPPOV
primarily stimulates cells of the specific immune system. T-
helper cells were identified as the main activated and cytokine-
secreting cell fraction. Moreover, other poxviruses seem capa-
ble of stimulating T-helper cells by the same mechanism,
providing evidence that all tested poxviruses possess similar
stimulating capacities. Further studies are required to deter-
mine whether this stimulating property seen in vitro relates to
the increased protection against infectious diseases observed
in vivo.
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